Abstract-A set of ten RADARSAT-2 images acquired in fully polarimetric mode over a test site with rice fields in Seville, Spain, has been analyzed to extract the main features of the C-band radar backscatter as a function of rice phenology. After observing the evolutions versus phenology of different polarimetric observables and explaining their behavior in terms of scattering mechanisms present in the scene, a simple retrieval approach has been proposed. This algorithm is based on three polarimetric observables and provides estimates from a set of four relevant intervals of phenological stages. The validation against ground data, carried out at parcel level for a set of six stands and up to nine dates per stand, provides a 96% rate of coincidence. Moreover, an equivalent compact-pol retrieval algorithm has been also proposed and validated, providing the same performance at parcel level. In all cases, the inversion is carried out by exploiting a single satellite acquisition, without any other auxiliary information.
I. INTRODUCTION

R
ICE is surely the most important crop in the world because it constitutes the staple food for more than half of the total population. Attending to the increasing food demand and other economical, social, and also environmental issues related with its cultivation, there is a significant interest in the information provided by remote sensing about rice fields. Among other sensors, radar instruments are particularly well suited for such purposes thanks to their all-weather operation and day/night independence.
In the past, successful results were obtained with radar satellites operating at C-band (European Remote Sensing (ERS) satellite and RADARSAT) and L-band (Japanese Earth Resources Satellite), demonstrating that mapping rice-planted areas and monitoring its evolution with backscatter coefficients at HH or VV channels was feasible [1] - [4] . The C-band HH/VV ratio, provided by ENVISAT-ASAR in alternating po-larisation mode, was also used to discriminate cultivated fields from nonrice fields, showing a variation up to 4-7 dB from the beginning of the season to the plant maturity phase [5] . Experiments with X-band satellite data, provided by TerraSAR-X, for studying the evolution of rice fields have been also conducted more recently [6] . There exist also some examples of studies over rice fields carried out with airborne experimental sensors [7] and ground-based scatterometers [8] .
In addition to the interest in applications such as rice mapping and rice production estimation, which have concentrated most studies to date, precision farming can be also tackled for rice with the help of radar satellites. This is possible particularly since the launch of satellites with short revisit times (11 days for TerraSAR-X) and/or with enhanced observation capabilities provided by their polarimetric modes (ALOS-PALSAR, RADARSAT-2, and TerraSAR-X). The primary objective of remote sensing applied to precision farming consists in providing timely and accurate information about the crop condition, at reduced local scale, in order to plan or trigger cultivation practices (irrigation, fertilization, etc.) accordingly. To this end, the final users (farmers or farm managers) are interested in knowing the current situation of the crop along its cultivation cycle, i.e., the current phenological stage at the time of observation.
In the case of rice fields, there are several examples of key moments that should be identified. For instance, at the beginning of the tillering stage, once all plants have emerged (if plantation is carried out by sowing and not by transplanting) and are starting to develop, the number or density of plants effectively emerged is measured and compared with the number of seeds. This measurement is called effective germination. If it is too low, a second round of sowing is practiced. Another important moment is the beginning of the heading stage, since from that moment it is recommended stopping fertilization. Otherwise, pests could appear more easily. In addition to specific stages, farmers are very interested in detecting phenological delays, which may appear as a consequence of other factors, such as plagues, water salinity, etc.
The estimation of phenology of rice fields by exploiting satellite SAR data was first addressed in [9] , using coherent dual-pol HHVV images from TerraSAR-X. A simple algorithm based on polarimetric observables provided by a single acquisition was designed to retrieve the phenological stage from a set of five relevant intervals. Results showed the sensitivity of polarimetry to the phenology of rice, obtaining successful estimates in most cases. Nevertheless, some ambiguities were also identified, i.e., two different stages might produce the same radar response in the available observation space.
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In this work, we have applied a similar approach but to a set of fully polarimetric images acquired by RADARSAT-2 over the same test site. A comparison between the observations provided by both data sets, gathered at different frequencies, will be commented along the paper. However, the first goal of this work is checking whether the additional information provided by full polarimetry can complement the previous dualpol observations or not, particularly for solving the mentioned ambiguities. To this end, an analysis of the RADARSAT-2 data as a function of phenology has been carried out, employing a large number of observables (backscattering coefficients, decompositions, etc.).
A second objective of this work, aside from the complementarity with the previous work, consists in exploring the potential of C-band sensors for rice phenology retrieval. In particular, due to the long revisit time of RADARSAT-2 (24 days), we have studied the application of the phenology retrieval algorithm to single acquisitions, i.e., ignoring any other temporal or auxiliary information.
Finally, we have tested the performance in this particular application of other polarimetric modes of reduced dimensionality (compact and dual polarimetry) with the aim of anticipating results from the future Canadian RADARSAT Constellation Mission (RMC) and the European Sentinel-1 system.
There exist in the literature other two examples of RADARSAT-2 data applied to rice observation. In the first case, Yang et al. [10] analyzed a set of only two images acquired at different phenological stages, and their analysis was restricted only to the backscattering coefficients. In a second work, Li et al. [11] disposed of four images starting at the reproductive phase. They employed a more elaborate analysis, including decompositions, but their main goal was rice mapping, not phenology retrieving. In our case, the data set comprises ten images and covers a wider phenological range; hence, it can be considered as the most complete to date. This paper is organized as follows: The test site and the data from the ground campaign and the radar acquisitions are presented in Section II. Then, the polarimetric observations are analyzed as a function of phenology in Section III. Section IV describes a phenology retrieval approach and its validation against ground reference data. The main conclusions are summarized in Section V.
II. TEST SITE, GROUND MEASUREMENT CAMPAIGN, AND SAR DATA
The test site consists of an area of 30 km × 30 km in the mouth of the Guadalquivir River, Seville, southwest of Spain, where rice is cultivated annually from May to October, approximately. An RGB composite of this area, obtained from a RADARSAT-2 image acquired on August 6, 2010, is shown in Fig. 1 for reference. General rice species in this area is Oryza sativa L. The specific variety cultivated in the monitored fields corresponds to a long grain type named puntal, quite common in Spain and other similar temperate regions.
Cultivation practices are very diverse all over the world. For instance, cultivation may be initiated by transplanting, i.e., wet or dry sowing, and then, fields can be drained during the cultivation cycle or not. Consequently, growth cycle can be very short (e.g., 80 days) or much longer (up to 150 days) depending on the practices and the region. In this specific location, sowing is carried out by spreading seeds randomly from an airplane over the fields, which are already flooded at that time. Then, farming practices in this area ensure the presence of a water layer on the ground during the whole cultivation period; hence, the ground is always flooded and will be considered as a water surface from the radar point of view. Finally, the cultivation campaign lasts about 135-150 days.
Since 2008, the local association of rice farmers (Federacion de Arroceros de Sevilla) has collected detailed ground measurements on a weekly basis. For this research project, centered in the 2009 and 2010 campaigns, five specific parcels, spread over the whole site, were selected for intensive sampling during 2009, adding a new one in 2010. The weekly measurements include phenological stage and total vegetation height.
A description of the phenological evolution of rice can be found in other references [12] and was already summarized in our previous work [9] ; hence, only a few important remarks will be repeated here for clarity purposes. Three main stages are usually defined for the rice growth cycle, namely, vegetative, reproductive, and maturation or ripening, each of them with particular features and aspects of the plant development as a function of time. This temporal evolution is described numerically by identifying ten main stages (assigned to tens), which are subsequently subdivided into ten secondary stages (assigned to units), hence resulting in a continuous numerical scale of the plant phenology from 0 to 100. A widely employed scale of such type is the general BBCH scale (from [12] , [13] , which provides also a particular representation for rice. The first half of the cycle, stages 0-49, corresponds to the mentioned vegetative phase, whereas stages 50-69 and 70-99 constitute the reproductive and maturation phases, respectively.
The description in terms of the BBCH scale is based on the actual characteristics of an individual plant. When the scale is used for the definition of the development stage of a plant stand or a parcel or a field, the description should apply to at least 50% of the plants inside the parcel. Therefore, a specific field or parcel will be considered to reach a particular phenological stage when more than half of its plants reach that stage. This criterion was employed in the ground campaign and will be taken into account when analyzing the relationship between ground measurements and radar observables. A clear consequence is that plant development may be quite heterogeneous inside some parcels at some stages of the campaign.
In addition to phenology, the following information is known for each parcel (see Table I ): total area (ha), sowing date, surface density of plants (plants/m 2 ) and panicles (panicles/m 2 ), harvest date, and final yield (kg/ha). Particular aspects for some of them have been also registered, such as irrigation conditions, water salinity, and presence of plagues. Note that neither sowing nor harvest are simultaneous in all parcels of the site, being the time span of around three to four weeks between the first and the last of the monitored parcels in both activities.
Finally, there is also climate information provided by the Spanish Government under the Sistema de Informacion Agroclimatica para el Regadio (SIAR), including daily files of temperature, precipitation, humidity, and wind. In this region, a rainy season is common at the beginning of autumn every year and did not affect the radar acquisitions available in this study.
Two sets of five RADARSAT-2 images each were acquired over this area, all of them with the same mode, beam, and orbit pass, in order to build time series in the most consistent way. The list of available images (acquisition dates) and some basic information about these images are presented in Tables II and  III, respectively. The dates of acquisition of the images are illustrated in Fig. 2 together with the phenological evolution of the monitored parcels for both years. The phenological development of these parcels shows a clear common trend, but there are also impor- tant differences between parcels since some of them develop faster than others at some stages. During 2009, the available images cover the first part of the cultivation cycle, with one acquisition every 24 days (in fact, the first image is previous to all sowing dates; hence, it will not be used in this work). Instead, during 2010, there are two images acquired at the early season, one at the end of the vegetative phase, and two more at the end of the growth cycle.
Following the same approach described in [9] , a simple linear interpolator will be employed for deriving the phenology (in BBCH scale) at the dates of the radar acquisitions, since the acquisition dates are not coincident with the ground campaign dates. This assumption constitutes an uncertainty source because the temporal evolution of BBCH may not be linear in many cases. This can be particularly relevant in some transitions between BBCH stages, since, by definition, a BBCH value is assigned to a parcel when more than the 50% of the plants belongs to that stage, despite that there are other plants more advanced or delayed.
The diversity of phenological conditions at the same date (up to 20 BBCH stages in some cases) and the availability of data from two different years have been exploited in this study to provide a more detailed evolution of the radar observables as a function of phenology, since each image provides information of different phenologies in correspondence with the phenological diversity among parcels. Unfortunately, there is no radar acquisition in 2009 and 2010 during the main reproductive phase (BBCH from 50 to 70), and hence, that interval will remain not observed and should be studied in future works.
III. ANALYSIS OF POLARIMETRIC OBSERVATIONS
A. Basic Processing and Backscattering Coefficients
All images were coregistered by using the available orbital information. Then, spatial averaging with a 9 × 9 boxcar filter was applied to estimate the polarimetric covariance matrices of every pixel in the images. Simultaneously, noise was estimated and removed from the data, as explained in [14] . The importance of this removal will be shown later in the paper. Attending to the specific configuration of these RADARSAT-2 images, the equivalent number of looks provided by such 9 × 9 filtering is around 48, which is clearly enough for obtaining reliable estimates of all polarimetric observables in the subsequent analysis [15] . All polarimetric observables analyzed in the rest of the paper were extracted from these multilooked covariance matrices. Note that reciprocity is assumed all along this study.
This study is centered on the areas with available ground measurements; hence, the regions of interest (ROI) of every parcel were defined by using a GIS database. Fig. 3 presents a mosaic of the RGB images obtained for every parcel and every acquisition date using the Pauli basis. For convenience, the area outside the ROIs of the parcels is masked out. In addition, those acquisitions which cannot be analyzed due to the lack of ground measurements (e.g., taken after the harvest date), were also removed from this image.
In Fig. 3 , we can observe that, at the first acquisition of each year, the backscatter is very low for all channels, due to the flooded condition of the ground (it is actually a water surface) and the absence of vegetation, since they correspond to the early stages of the cultivation cycle. Then, the dominant color in most images is pink as a result of the important double-bounce scattering. Only at the two last acquisitions in 2010, which correspond to the maturation stage, the RGB image changes to a light bluish color, denoting backscattering dominated by a random volume.
In order to check the consistency of this data set with respect to previous results in the literature, Fig. 4 shows the evolution of backscattering coefficients at the linear channels (HH, VV, and HV). They are represented as a function of the phenological stage. This type of figure will be used in this paper to analyze the dependence of any observable upon phenology. The average value and the standard deviation within each parcel are plotted to illustrate their behavior against crop development and their local variability, respectively. These figures include all the data from the two campaigns, i.e., 2009 and 2010, without distinction.
The trends and absolute values plotted in Fig. 4 agree with the well-known response from rice at C-band, as it has been documented in the past with satellite data (ERS, RADARSAT, and ENVISAT), data from ground-based scatterometers, and simulated values obtained by electromagnetic models, despite that, in most cases, the data were taken in different parts of the world and with different cultivation practices [1] - [3] , [8] . All backscatter powers increase from very low values at the first stages to a maximum value reached after stage 20 (tillering start). The HH backscattering coefficient increases further up to a maximum around stage 40, thanks to the increase in size of all plant elements and the dominance of the double-bounce scattering generated by the interaction between the stems and the underlying water surface. This double-bounce imposes a lower backscatter level at the VV channel, which is also affected by an extinction stronger than at HH due to the vertical preferred orientation of most plants elements. This difference between the responses at HH and VV is illustrated clearly by its ratio, as shown in Fig. 4(d) , which has been successfully exploited for preoperational rice mapping and monitoring with multitemporal data [5] . Concerning the crosspolar echo, it starts from values lower than the copolar ones but also exhibits a high increase driven by the emergence and development of the plants up to stages 20-30.
From stage 40 (booting) onward, the evolution of the backscattering coefficients is less pronounced than in the first part of the growth cycle. The HH channel slowly decreases, whereas the VV channel shows a variable minimum at stages 40-55, as a result of the important extinction at this polarization, and then an increase to the end of the cycle. The crosspolar presents a moderate dip and then a recover to the end of the campaign. However, the interval between stages 55 and 80 is missing in the available RADARSAT-2 images; hence, this remains to be confirmed in the future.
As aforementioned, all these results based exclusively on the backscattering coefficients are not new and, indeed, constitute the core of most of the studies carried out so far with radar remote sensing applied to rice mapping and monitoring. They have been included here as a reference because the rest of the study is devoted to show the potential added value of full polarimetry when applied to rice monitoring and, specifically, to estimate phenology by exploiting a quad-pol acquisition at a particular date.
B. Eigenvalue/Vector Decomposition
To exploit the information contained in the fully polarimetric data set provided by RADARSAT-2, we have employed, in first instance, the well-known eigenvalue/vector decomposition proposed in [16] and [17] . We used the same approach in [9] to analyze a TerraSAR-X data set over the same test site, but in that case, the observation space was restricted to a dualpol coherent combination formed by HH and VV polarizations. Therefore, we can also check here the information added by full polarimetry with respect to dual polarimetry. Fig. 5 presents the evolution as a function of phenology of four parameters derived from such decomposition, namely, entropy H, anisotropy A, average alpha angle α, and dominant alpha angle α 1 .
In first place, we observe in The absence of extremely high entropies along the crop development, but at the very late stages, indicates that the alpha angle parameter of the dominant eigenvector provides useful information about the most important scattering mechanism present at each phenological stage. Accordingly, the dominant alpha [see Fig. 5 
(d)] is mostly below 30
• at stages 0 to 18-20 (tillering start), denoting that scattering from the water surface was the main contribution to the backscattered signal. Then, from that moment and until stage 30, i.e., during the whole tillering stage, the dominant alpha is well above 45
• , which corresponds to dihedral scattering. This means that backscatter is dominated by the double-bounce interaction between the stem (and tillers) and the water surface. During the rest of the vegetative phase (stages 30-50), we can appreciate that the dominant alpha is consistently within a small interval around 45
• . This behavior, together with a low entropy (0.4-0.6), indicates that the radar echo can be well described by a single scattering mechanism, which is a linearly polarized return. Such a response is due to both the double-bounce backscattering and the extreme extinction at vertical polarization. The same observation was obtained for that period at X-band in [9] . Finally, at the last stages the dominant alpha angle is again below 45
• but separate from zero (not surface scattering). At this point, it is interesting to compare dominant alpha [see . The dynamic range of average alpha is much lower than the dominant alpha angle, due to the influence of the other mechanisms obtained by this decomposition, hence masking partially the behavior described for each phenological stage.
A parameter presented in this analysis but not in [9] is anisotropy [see Fig. 5(b) ], since it is not defined for dual-pol data. Anisotropy is quite high (above 0.5) during the initial stages (up to stage 30 approximately), and it remains uniformly around 0.2-0.4 for the rest of the campaign. Its physical interpretation, in terms of number of scattering mechanisms present in the scene, is better explained jointly with entropy. From stage 0 to 30, we observe high anisotropy and moderate-tohigh entropy; hence, there is a dominant scattering mechanism and a second nonnegligible scattering component. The first dominant mechanism, indeed, changes from surface to doublebounce around stage 20, as described by the dominant alpha. From stage 30 to 50, the low entropy denotes a single scattering mechanism, for which anisotropy is not so relevant. Finally, at the maturation phase, high entropy and low anisotropy denote the presence of three scattering mechanisms (none of them negligible) or, based on the actual structure of plants at that stage, scattering from an almost random volume. Therefore, the role of polarimetry at this last stage is limited to certify such randomness.
Some additional comments are pertinent at this point to close the analysis of these observables. The first one is related to the noise removal applied to the data. The noise introduced by the RADARSAT-2 system in the data is very low when compared to other satellite sensors. For the beam employed in this study, the noise equivalent sigma zero (NESZ) annotated in the product files is around −35 dB, much better than the −19 dB present in TerraSAR-X. However, recalling Fig. 4 , the backscattering coefficients measured at the beginning of the cultivation cycle are close to that NESZ, or even below, particularly for the crosspolar channel. Consequently, the estimation of polarimetric observables would be affected by noise during the first stages if it is not removed. For our purposes, the main consequence of noise would be a moderate increase in entropy and a significant decrease in anisotropy, in both cases, only for stages 0-20. As a result, the interpretation of anisotropy would be compromised.
It is worth reminding that, in the study described in [9] , we found that entropy showed extremely high values at the beginning of the tillering phase (around stage 20) and at the maturation phase (stages 80+). We postulated a different interpretation for both periods: the presence of two equally dominant scattering mechanisms at the tillering phase (e.g., surface scattering and double-bounce interaction) and random volume scattering at the end of the season. However, this explanation could not be demonstrated because only dual-pol data were available. Fortunately, with full polarimetry and exploiting both entropy and anisotropy, this ambiguity has been solved, as demonstrated in the previous paragraphs, at least at C-band.
In close relationship with this argument, it is also worth inspecting the entropy and dominant alpha parameters that would be obtained at C-band if the sensor were acquiring only HH and VV channels in a coherent way (same mode as TerraSAR-X). These two observables are represented in Fig. 6 . The main difference in these plots with respect to the fully polarimetric case [shown in Fig. 5(a) and (d) ] is an increased entropy in the dual-pol case at the early stages (until stage 30). This phenomenon is generated by the dimension of the observation space: three channels in full polarimetry and only two channels in dual-pol. Consequently, when there are only two scattering mechanisms in the scene, entropy is quite different in both cases. For instance, two equal eigenvalues λ 1 = λ 2 = 0.5 produce a unit entropy in the dual-pol case, but if the third eigenvalue is null (λ 3 = 0), entropy is just 0.63 in the quad-pol case. Therefore, this is just the case here, as it is confirmed also by the high anisotropy observed at the early stages. Regarding the dominant alpha angle, it is virtually the same in both configurations [see Figs. 5(d) and 6(b)], hence confirming the usefulness of the HHVV dual-pol mode for inspecting the dominant scattering mechanism along the rice growth cycle.
If the C-band observations presented here are compared with the X-band observations analyzed in [9] , and provided that the incidence angles are quite similar (33
• for RADARSAT-2 versus 30
• for TerraSAR-X), we conclude that most comments and physical interpretations of the retrieved data are valid for both frequency bands. Additional studies aimed at identifying the specific scattering physics for both bands at each stage (e.g., using scatterometers) would be useful to confirm this conclusion. A difference between both data sets, as consequence of the wavelength, is the sensitivity to the start of the tillering stage. At X-band, the dominance of the double-bounce produced by the emergence of the first leaves and first tillers is first detected at stages 17-19 and only lasts until stages 21-22, giving way quickly to a linearly polarized backscattering characteristic of the vegetative phase. On the contrary, at C-band, the transition to double-bounce dominance is detected around stage 20, and it lasts until stage 30. The earlier response at X-band to the presence of plant elements is due to the bigger size of the leaves and tillers, in terms of the wavelength. At X-band, the radar is sensitive to stems and leaves around 15-20 cm long, whereas at C-band, the radar becomes sensitive to elements around 25-30 cm long. In parallel, the shorter duration at X-band of this phenological stage dominated by the doublebounce is due to the stronger extinction at higher frequencies. Therefore, in terms of sensitivity to phenology of rice fields, both bands are valid for monitoring purposes, but the transitions and the intervals with particular features may be shifted due to the intrinsic dependence of radar scattering and attenuation upon frequency. Clearly, the advantage of RADARSAT-2 over TerraSAR-X is the fully polarimetric configuration, which increases the observation space and, as already demonstrated, serves to solve some ambiguities present in the dualpol case.
Finally, we have to mention that the lack of RADARSAT-2 images during the reproductive stage (50-70) limits somehow the universality of this study. Anyway, from the experience gained with TerraSAR-X data and attending to the results obtained in [11] , which include data at the reproductive stage, we can infer that this phenological interval is characterized by a smooth transition between the late vegetative and the maturation phase. Consequently, strange behaviors are not expected in the radar data at that part of the growth cycle. 
C. Freeman-Durden Decomposition
A second widely used decomposition is applied also here to the RADARSAT-2 data on rice. It is a model-based decomposition proposed in [18] , whose outputs are three backscattering contributions assigned to odd-bounce (surface) scattering, double-bounce (dihedral) scattering, and volume scattering. A modified version avoiding nonphysical solutions (i.e., negative powers) [19] has been used [20] . Fig. 7 presents the three contributions and the ratio of the volume component over the sum of the other two, which can be interpreted as a volume-toground ratio.
This decomposition assigns the crosspolar channel to the volume scattering, hence the evolution shown in Fig. 7(c) . Regarding the other two terms, which are physically related with direct scattering from the underlying water surface and the double-bounce interaction between plants and water surface, they follow the expected behavior according to the comments in previous sections. More precisely, surface scattering is stronger than dihedral scattering up to stage 20, and then, dihedral scattering dominates at stages 20-30. From stage 30 to 50, there is no clear dominance, and eventually, surface scattering is again over the dihedral contribution at stages 80+. During the whole vegetative stage (0-50), the volume scattering is below the sum of the other two contributions [see Fig. 7(d) ], but at the maturation phase, they converge to similar values (being higher in some cases), as expected from a random volume.
D. Compact-Pol Observables
A known limitation of all satellite quad-pol systems to date, also shared by the HHVV coherent dual-pol mode of TerraSAR-X, is the reduced swath produced by the doubled pulse repetition frequency (PRF) employed to scan all combinations of transmitted/received polarizations. To avoid such a constraint, an alternative approach, usually named as compact or hybrid polarimetry (compact-pol or hybrid-pol), has been proposed [21] . In short, it consists in transmitting only a circular polarization and receiving two orthogonal linear polarizations (e.g., horizontal and vertical), thus maintaining the PRF and the spatial coverage as in single-pol systems. Despite that the dimensionality of the compact-pol observation space is reduced with respect to full polarimetry, it has shown great potential and similar performance to quad-pol in many applications, including agriculture monitoring and crop-type mapping [22] , [23] . This mode is planned for the next generation of RADARSAT systems, namely, the RADARSAT Constellation Mission (RCM); hence, it is worth inspecting its capabilities in the context of rice monitoring.
Due to the different nature of the compact-pol observations, a different set of observables has been defined in the literature [21] , all of them with physical meanings somehow analogous to equivalent parameters in full polarimetry. Fig. 8 shows the evolution as a function of phenology of four of these observables, which have been considered as relevant for the type of scene we are studying. They include the degree of polarization m (closely related to entropy), the relative phase between received fields δ, and the circular polarization ratio μ c . In addition, we have plotted in Fig. 8(b) the dominant alpha angle α s recently defined in [24] .
As expected, the evolution of the degree of polarization [see Fig. 8(a) ] resembles entropy [see Fig. 5(a) ], with three different ranges at three phenological intervals: 0.3-0.7 at stages 0-30, 0.6-0.8 at stages 30-50, and 0.3-0.6 at stages 80+. Note that low degrees of polarization are equivalent high entropies and vice versa; hence, the physical explanation of such a behavior is the same as for entropy. In second place, the dominant alpha angle in compact-pol [α s , see Fig. 8(b) ] is perfectly coincident with the full-pol dominant alpha angle [see Fig. 5(d) ], hence providing exactly the same information for this scene along the whole phenological cycle.
The relative phase δ [see Fig. 8(c) ] is quite noisy in some parts of the phenological cycle, particularly during the late vegetative phase (stages 30-50), since the vertically polarized return is very attenuated and, thus, such relative phase between received fields is meaningless. However, it remains consistently above 0 at stages 0-20 and 80+, and below −100
• during the tillering phase (stages [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . This values are in agreement with the dominant scattering mechanism (surface or double-bounce) for all these stages, which are characterized by different phase differences. Anyway, such behavior is better described by the circular polarization ratio μ c [see Fig. 8(d) ], which resembles perfectly the dominant alpha angle but with a different scale: it is well below 1 (surface scattering) for stages 0-20, clearly above 1 (double-bounce scattering) at stages 20-30, consistently around 1 (linear or dipole backscattering) at stages 30-50, and, eventually, slightly below 1 at the last stages of the cycle. In this sense, the information provided by both α s and μ c parameters is coincident. Finally, due to the reduced dimension of the observation space, there is no equivalent in this configuration to anisotropy; hence, the information contained in such an observable cannot be retrieved in compact-pol. Fig. 9 presents the last results of this analysis, which correspond to the outputs of the Freeman-Durden decomposition for compact-pol data, as defined in [24] . If they are compared with the same components retrieved in the full-pol case (see Fig. 7 ), we can appreciate both similarities and differences. For instance, the overall evolution of the volume contribution is almost the same in both compact-pol and full-pol, but the absolute level during the early stages (0-20) is higher in the compact-pol case. Contrarily, the double-bounce contribution retrieved in compact-pol during the first stages is the lowest one among the three components and lower than the values retrieved in the full-pol case. However, during the tillering phase (stages 20-30), the double-bounce dominates over the other components as in the full-pol case. In addition, the ratio of the volume contribution over surface plus double-bounce is also different for both configurations at stages 0-30, showing a decreasing trend in the compact-pol case and a constant level in full polarimetry. During the maturation phase, where polarimetry is not very important, both configurations provide the same observations for this decomposition. 
IV. RETRIEVAL OF PHENOLOGY
A. Fully Polarimetric Data
The analysis described in Section III allows us to conclude that the polarimetric signature of the rice fields under study is significantly different for different phenological stages. Consequently, the current phenological stage of a field under observation could be estimated by observing its polarimetric response. This idea is equivalently used in classification algorithms based on polarimetric data, e.g., for crop-type mapping. In our case, however, we know the crop type (rice) and the different classes correspond to phenological intervals. The same approach was already tested in [9] with dual-pol HHVV TerraSAR-X data, providing successful estimates in most cases but also showing some ambiguities or errors that were justified by the reduced dimension of the observation space. In particular, stages around the tillering start (stage 20) were confounded with the maturation phase (70+) in many instances, since both entail high entropies in this dual-pol mode. Therefore, this study will address such an issue to check whether full polarimetry can solve that problem or not.
In order to maintain the algorithms and their physical rationales as simple as possible, we apply the inversion to each RADARSAT-2 acquisition independently, i.e., without exploiting any other temporal or auxiliary information different from the location of the rice fields. Moreover, we have chosen a set of polarimetric observables as reduced as possible.
From the previous analysis, the phenological intervals that can be identified by their polarimetric response in a straightforward way are the following: 1) Stages 0-20: Early vegetative phase (germination and leaf development). Radar backscatter is characterized by low (but increasing) levels at all channels, moderateto-high entropy, dominant surface scattering (low alpha angle values), and high anisotropy. produces high entropy and low anisotropy, while the dominant alpha angle falls below 45
• .
It is important noting that the second interval in this study at C-band is shifted and stretched with respect to the equivalent interval for X-band employed in [9] , which was restricted to stages 18-22. The cause of this change, related with the size of all plant elements in terms of the wavelength, was already explained in Section III.
According to the definition of all these intervals and their physical description, a very simple algorithm for phenology retrieval can be designed based on three parameters, namely, entropy, anisotropy, and dominant alpha angle. The decision rules can be expressed as a hierarchical tree or as a graphical scheme with the corresponding ranges for each observable. This scheme is depicted in Fig. 10 . The possible phenological intervals to be estimated are restricted to 1, 2, 3, and 5, since number 4 was not available as previously commented. Anyway, the numeration has been maintained for consistency with the results published in [9] and for future studies when, hopefully, data will be available for such an interval.
As it is denoted in Fig. 10 , phenological intervals can be defined by one, two, or three observables. For instance, the second interval (stages 20-30) can be identified by just observing the dominant alpha angle. On the other extreme, the maturation stage needs all three parameters to solve coincidences with other possible stages.
Despite that other radar observables could be used to identify some of the phenological stages, we prefer this small set of polarimetric descriptors that are not dependent on absolute backscattered powers and that provide a clear explanation on the scattering phenomena present in the scene at every stage. For completeness, Table IV presents a list of parameters that could be used alternatively to identify these phenological stages, despite that some of them were not included in the previous analysis due to space constraints. In general, observables derived from decompositions provide better physical explanations and are less dependent on particular features of the fields, absolute calibration issues, incidence angles, etc. Therefore, the definition of thresholds and classification rules is easier and less arbitrary than in the case of backscattering coefficients. Moreover, as shown in [11] with an experiment related to rice mapping with RADARSAT-2, decomposition parameters provide better results than backscattering coefficients, probably due to saturation effects (according to the analysis provided by authors in [11] ), which were observed in the power of the radar echoes at advanced stages (see Fig. 4 ) but not in phase differences and correlations between channels.
Regarding the algorithm itself, the classification based on ranges of parameters is not exhaustive, since there are values and combinations of observables, which are not assigned to any class (phenological stage). We also have to mention that many other algorithms could be applied, but this simple algorithm provides very good results as it is illustrated in the following.
The output of this algorithm when applied to all (multilooked) pixels of the available images is shown in Fig. 11 , where the arrangement of parcels and acquisitions is the same as in the mosaic shown in Fig. 3 . We can appreciate that, in most cases, a single color dominates whole parcels, which means that the retrieval algorithm assigns one phenological stage to the whole field homogeneously. In some situations, however, there appear large areas of mixed stages at the same field, in most cases, corresponding to adjacent stages in the phenological cycle. This mixture of responses within a parcel is expected since plants usually develop at different rates in different zones of a field, particularly if the field is large and/or close to disturbing elements typical of the border of cultivation sites (highways, mountains, etc.). The detection of heterogeneous areas, as provided by this algorithm, can be useful to farmers and managers to verify the right response of the crops to cultivation practices (e.g., germination, fertilization, etc.). Note that the total number of pixels not assigned to any class is quite low. Finally, we can also observe some discrepancies in the edges of the parcels, which in fact can be detected in the RGB mosaic. They are due to a small displacement of the available ROIs of the parcels, with respect to their actual geographical location, hence including the response of paths and small walls inside the ROIs.
The validation of these results has to be carried out at parcel level, since the available ground data are expressed at that level: a single phenological stage (in the full BBCH scale) Fig. 11 . Mosaic with the retrieval result for the fully polarimetric case. The color code is the same used in Fig. 10 . Black pixels were not assigned to any phenological stage.
for each parcel and date. Consequently, the comparison of the ground data against the retrieval results is performed by first computing the number or percentage of pixels assigned to each phenological stage at each parcel and then comparing the mode (most retrieved value) within each parcel with the ground data. This numerical validation is shown in Table V , which is composed of six subtables referred to all parcels. Each row in these subtables corresponds to a different RADARSAT-2 acquisition. For each parcel, the left side of the subtable presents the number of pixels assigned to each class and also the number of unassigned pixels. The right part of the subtables shows the percentage of pixels assigned to each phenological stage, computed over the total number of assigned pixels (i.e., discarding the unassigned pixels). To ease the reading of this table, the font type of the largest percentage that defines the mode is boldface and colored with the color assigned to its corresponding phenological interval (1, 2, 3, or 5) . Finally, at the right extreme of the tables, the phenology value at each radar acquisition date, as provided by the ground campaign, is shown. In this case, the color of the font used in the table also indicates the phenological interval. Therefore, to check whether the estimates agree with the ground data or not, one just has to check whether the color of the mode is the same as the color of the ground data.
Attending to the results presented in Table V , the retrieval of phenology is correct, when evaluated at parcel level, in 44 of the 46 cases, i.e., in 96% of the cases, despite the simplicity of the approach. In most cases, the percentage of the mode is above 70%, with many cases above 90%. There are several cases with lower percentages (e.g., parcel B at DoY 175 in 2009), which reflect that the phenological stage of the parcel is just at a transition between the defined intervals (e.g., stage 21 in this example); thus, such a mixture of estimates between adjacent intervals is expected.
The two wrong estimates are marked with asterisks at the rightmost side of the tables. The first case (denoted with one asterisk) corresponds to parcel D at DoY 175 in 2009. The value annotated in the ground campaign was stage 16 (taken the day after the radar image), whereas the algorithm retrieves the second interval (stages 20-30) with 92% of pixels assigned to that range. Table I and Fig. 2 indicate that this parcel was the last to be planted in 2009, and at that date, its development was still far from the rest of parcels (already at stages 21-22), respectively. However, when looking at the RGB mosaic in Fig. 3 , we can appreciate that the aspect of this parcel (color) is the same as the rest of parcels at that date. This parcel is represented by a blue triangle in Figs. 4 and 5, being the third from the left the point that corresponds to this date. We can appreciate how its values are in the same range as other parcels in stages 21-22. Specifically, its dominant alpha angle [easily visible Fig. 5(d) ] presents a mean of more than 60
• , hence the retrieved phenology. It is important to notice that, in the successive date of ground campaign (DoY 183), the annotated phenology was the same as for the rest of parcels; hence, this field exhibited a faster development at this period, which may explain a possible error in the ground campaign value. The second error (denoted with two asterisks) corresponds to parcel E on the last date (DoY 290 in 2010). In this case, the ground campaign indicates that the parcel is in the last stages of the cultivation cycle, whereas the retrieval algorithm provides only 43% of pixels at maturation and 53% of pixels assigned to the advanced vegetative phase (stages 30-50). By looking either at the RGB mosaic (see Fig. 3 ) or at the radar observables (last orange asterisk in Figs. 4 and 5) , one can confirm that the radar response of this parcel lies between both cases, and hence the divided assignation and the error when validating against the mode. 
B. Compact-Pol Data
Once we have demonstrated the potential of full polarimetry at C-band for retrieving the phenology of rice fields (from a set of four possible intervals), it is pertinent checking the performance of compact polarimetry in the same application, provided the advantages of this configuration as it was mentioned in Section III.
Following the approach employed for full polarimetry, we should select first a set of observables with a response to phenology similar to dominant alpha angle, entropy, and anisotropy, but defined for compact polarimetry. For the first two parameters, the answer is evident: the compact-pol dominant alpha angle (denoted as α s ) and the degree of polarization (m) can do the job, in agreement with the results and comments included in Section III. Concerning anisotropy, however, there is not any observable in the compact-pol domain with the same physical interpretation. Anyway, the role of anisotropy in the retrieval algorithm sketched in Fig. 10 is serving to distinguish early stages (0-20) and late stages (80+), which are both characterized by low alpha angles. Therefore, we should search for an observable with clearly different values at these two phenological intervals. Observing Figs. 8 and 9 , we could use the volume or the double-bounce contribution provided by the Freeman-Durden decomposition. They exhibit low values at the early stages and high values at the end of the cycle. Fig. 12 illustrates the ranges of values for the retrieval scheme proposed here with compact-pol data, where the volume component has been employed by using a threshold of −16 dB. Again, it is a quite simple approach, in line with the goal of this study.
The results provided by this algorithm are shown in Fig. 13 , and the corresponding validation statistics are included in Table VI . The general aspect of the retrieved phenology map is quite similar to that shown in Fig. 11 for fully polarimetric data, but there are more unassigned pixels than in that case. Anyway, the validation with the mode within each parcel provides the same overall success rate as with full polarimetry: 44 of the 46 cases are assigned correctly to their phenological interval, being the same two cases that produced wrong results with full-pol data. A closer inspection to Table VI reveals that now it is more frequent obtaining lower percentages of pixels corresponding to the modes. In other words, there are higher percentages of wrongly assigned pixels (see, for instance, the red spots in parcel C at DoY 199 in 2009, or in parcel B at DoY 218 in 2010), but they are not enough to corrupt the average response at field level. Therefore, we conclude that compact polarimetry provided the same performance as full polarimetry for phenology retrieval at parcel level.
C. Discussion About Dual-Pol Data
In order to provide the same spatial coverage (swath) as single-pol radar sensors, some satellites have been designed with an operational dual-polarimetric mode, such as the future Sentinel-1a and 1b of the European Space Agency. In this case, dual polarimetry consists in transmitting a linearly polarized wave and receiving simultaneously the like and orthogonal polarizations. Therefore, the measured polarimetric channels are HH and HV, or VV and VH, i.e., a copolar channel and the crosspolar channel. 1 The radar response from all agricultural scenes exhibit the so-called reflection symmetry [16] , which makes the correlation between copolar and crosspolar channels to be null in theory (and close to zero in practice). As a result, the 2 × 2 covariance matrix that could be formed for each dualpol data is a diagonal matrix, defined only by the real entries of its diagonal. Therefore, the only two observables provided by such systems are the backscattering coefficients of the copolar and crosspolar channels.
For the rice phenology retrieval application that we are studying here, the consequence of reflection symmetry is that we are restricted to use the crosspolar backscattering coefficient [see Fig. 4(c) ] and one of the two copolar coefficients [HH in Fig. 4(a) or VV in Fig. 4(b) ] to define the retrieval algorithm. From these plots, it is evident that we could identify the first phenological interval (stages 0-20) thanks to its low backscatter at all channels. However, the rest of phenological stages do not present a clear separation, thus making it impossible to approach that problem in the same way. As a potential alternative, in line with the design of the Sentinel-1 system, a multitemporal approach could be designed, helped by the short revisit time of such a system (12 days for one satellite and six days for the pair). Anyway, this is out of the scope of this study.
V. CONCLUSION
This paper has demonstrated that a C-band radar satellite with polarimetric capabilities can estimate the phenological stage of rice fields, from a set of four relevant intervals, by using just one acquisition without any other auxiliary information. This ability is based on the polarimetric response of rice fields, which can be clearly separated among different behaviors along their cultivation cycle. Consequently, a simple classification algorithm based on three observables can be used for retrieving phenology. The validation carried out at parcel level was successful for 44 of the 46 cases (96%). In addition, the requirement of a fully polarimetric system can be alleviated by using a compact-pol mode, with the same spatial coverage as single-pol systems, since the validation at parcel level produced the same results.
Despite that the experiment was conducted in a temperate region and that rice types and cultivation practices differ importantly all over the world, the main findings of this work could be extrapolated to other sites, since they are based on basic scattering responses that are common to all rice fields. Anyway, the influence of particular aspects, such as the absence of a water layer at some stages or the regular plantation grid generated by machines in some sites, should be studied in the future.
An obvious limitation of the present study is the lack of radar data during the reproductive stages (55-70) and early maturation (70-80). From our previous experience with TerraSAR-X data [9] and recent results presented by other authors with RADARSAT-2 images acquired during these late stages [11] , the expected response from the fields during the reproductive phase is a rather smooth transition, for all observables, between the vegetative phase and the maturation phase. Therefore, we should refine the retrieval algorithm to include such an intermediate phenological interval. If the separation between stages is not very clear, we can anticipate that some errors will be obtained around the two borders (stages 50 and 70), but it has to be confirmed with real data.
From the point of view of the final application of this approach by the end users, it is evident that a short refresh time is required in the phenological information to help their cultivation practices, being one week a good sampling period. Since RADARSAT-2 is designed with a revisit time (in the same mode/beam) of 24 days, multiple beams (incidence angles) and passes (ascending/descending) should be combined to fulfil this requirement. In that case, the influence of incidence angle should be also assessed.
Future studies should include also radar images acquired at L-band, for instance, with the next ALOS-2 satellite. In principle, at lower frequencies, we expect to be less sensitive to the initial emergence of the plants, since they have to be taller to become visible to the radar (as we already experienced when passing from X-band to C-band). On the other hand, once the rice plants are clearly developed (from stage 30 onward), the increased penetration capability of L-band may help to discriminate better among advanced stages.
